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(54) Optical communication system with Raman amplification 



(57) A fiber Raman amplifier is configured to use a 
co-propagating Raman pump source, which may be 
beneficial in a variety of system configurations (for ex- 
ample, in bidirectional communication systems). By 
carefully configuring the pump source characteristics, 
sufficient optical gain can be achieved in the co-propa- 
gating arrangement, the characteristics including: (1) 
using an optical pump power of at least SOmW, (2) hav- 



ing a relatively large spectral bandwidth within the pump 
(to suppress SBS); and (3) a frequency difference be- 
tween all longitudinal pump modes of each pump laser 
being separated by at'least the walk-off frequency be- 
tween the pump laser frequency and the signal frequen- 
cy, and all intense longitudinal modes between different 
pump lasers being separated by at least the electrical 
bandwidth of the communication system. 
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Description 
Technical Field 

[0001] The present invention relates to a Raman am- 
plified optical comnnunication system and, more partic- 

•utarly, to an optical communication system utilizing co- 
propagating Raman amplification with Raman pump 
sources particularly designed to overcome known 

^[Dump-signal crosstalk problems. 

Background of the invention 

[0002] The subject of Raman amplification is well 
known in the literature. Stimulated Raman amplification 
is a nonlinear optical process in which an intense pump 
wave is injected into an optical fiber that is carrying one 
or more optical signals. In fused silica fibers, if the pump 
wave is of a frequency approximately 13THz greater 
than the signal waves (i.e., if the pump wavelength is 
approximately 100nm shorter than the signal wave- 
length in the vicinity of 1500nm), the pump will amplify 
the signal(s) via stimulated Raman scattering. If the am- 
plification is made to occur in the transmission fiber it- 
self, the amplifier is referred to as a "distributed ampli- 
fier". Such distributed amplification has been found to 
improve the performance of a communication system, 
as discussed in the article "Capacity upgrades of trans- 
mission systems by Raman amplification" by P. Hansen 
et al. appearing in IEEE Phot. Tech. Lett. . Vol. 9. 1997, 
at page 262. For example, if a pump wave is injected 
into one end of the fiber in a direction that is counter- 
propagating with respect to the information signals, the 
signals will be amplified before their signal-to-noise ratio 
degrades to an unacceptable level. The performance of 
such an amplifier is often characterized in tenms of its 
"effective" or "equivalent" noise figure and its on/off 
gain. The effective noise figure is defined as the noise 
figure that an equivalent post-amplifier would have in 
order to achieve the same noise performance as the dis- 
tributed Raman amplifier (see. for example, "Rayleigh 
scattering limitations in distributed Raman pre-amplifi- 
ers", by P. Hansen et al., IEEE Phot. Tech. Lett. , Vol. 1 0, 
1998, at page 159). Experimentally, the effective noise 
figure may be found by measuring the noise figure of a 
span utilizing counter-propagating Raman amplification 
and th n subtracting (in decibels) the passive loss ot the 
span. The on/off gain of a distributed Raman amplifier 
is defined as the difference (in decibels) between the 
output signal power with the Raman pump "on" to that 
with the pump "off'. Altematively, a lumped or "discrete" 
amplifier can be constructed with a local length of Ra- 
man gain fiber 

[0003] It is well known in the prior art that Raman gain 
generated with a polarized pump wave is, in general, 
polarization dependent. This phenomenon is discussed 
in detail in an article entitled "Polarization effects in fiber 
Raman and Brilloiun lasers" by R.H. Stolen et al., ap- 
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pearing in IEEE J. Quantum Electronics, Vol. QE-15, 
1979. at p. 1157. Given that the vast majority of fiber 
optic communication systems utilize non-polarization 
maintaining fibers, an optical signal's state of polariza- 
5 tion at any given point is not generally known and is sub- 
ject to capricious variations. For these reasons, it is de- 
sirable to minimize polarization-dependent loss and 
gain within the communication system. It has also been 
shown that the polarization dependence of Raman am- 
10 plifiers can be significantly reduced by polarization mul- 
tiplexing polarized Raman sources, as disclosed in US 
Patent 4,881 ,790, issued to LF. Mollenauer et al. on No- 
vember 21, 1989. 

[0004] Significant pump powers are required to gen- 
ts erate substantial on/off Raman gain in conventional 
transmission fibers. For example, approximately 
300mW of power is required from a monochromatic 
pump to generate 15dB of on/off Raman gain in trans- 
mission fibers with -55 ^m^ effective areas. It is also 
20 known that these pump powers are significantly higher 
than the threshold for stimulated Brilloiun scattering 
(SBS) for pump sources with spectral widths less than 
25MHz. as discussed in the article "Optical Power Han- 
dling Capacity of Low Loss Optical Fibers as determined 
25 by Stimulated Raman and Brilloiun Scattering", by R.G, 
Smith, appearing in Appl. Optics, Vol. 11, 1972, at page 
2489. Stimulated Brilloiun scattering is a well-known 
nonlinear optical process in which the pump light cou- 
ples to an acoustic wave and is retroreflected. This retro- 
30 reflection may prohibit the penetration of the Raman 
pump significantly deep into the transmission fiber, in- 
hibiting the generation of Raman gain. 
[0005] The threshold for SBS can be substantially in- 
creased by broadening the spectral width of the Raman 
35 pump source, as discussed in the above-cited Mollena- 
uer et al. patent. In particular, one method for broaden- 
ing the spectral width and thus suppressing SBS is by 
frequency dithering of the laser source. Another mech- 
anism for broadening the spectral width of a laser is to 
40 allow the device to lase in more than one longitudinal 
mode of the laser cavity. The frequency spacing of the 
longitudinal modes of a laser is defined by the relation 
c/2ngL, where c is the speed ot light in a vacuum, rig is 
the group velocity within the laser cavity and L is the 
45 length of the cavity. 

[0006] Certain types of semiconductor lasers are pre- 
ferred for use as Raman pump sources. The most com- 
mon types of semiconductor pump lasers are Fabry- 
Perot (FP) lasers, and FP lasers locked to external fiber 
50 Bragg gratings. These types of pump sources are d(s- 
cussed in an article entitled "Broadband lossless DCF 
using Raman amplification pumped by multichannel 
WDM laser diodes" by Emori et al. appearing in Elec. 
Lett, Vo. 34, 1 998 at p. 21 45. It is typical for the external 
55 fiber Bragg gratings to be located approximately Im from 
the semiconductor laser 

[0007] It is known that when light from a laser, lasing 
in multiple longitudinal modes, is passed through a dis- 
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persive delay line (such as an optical fiber), noise com- 
pon nts referred to as mode partitioning noise are gen- 
erated at frequencies typically less than a few GHz. See, 
for xample, "Laser Mode Partitioning Noise in Light- 
wave Systems Using Dispersive Optical Fiber", by R. 
Wentworth et al., appearing in J. of Lightwave Technol- 
ogy , Vol. 10, No. 1, 1992 at pp. 84-89. It is also known 
that single-longitudinal-mode semiconductor lasers are 
typically used as signal sources. Common types are dis- 
tributed feedback (DFB) lasers and distributed Bragg re- 
flector (DBR) lasers. 

[0008] The Raman amplification process is known as 
an extremely fast nonlinear optical process. For this rea- 
son, intensity fluctuations in the pump may result in fluc- 
tuations in the Raman gain. These gain fluctuations may 
then impress noise upon the optical signals, degrading 
the pertomaance of the communication system. For the 
purposes of understanding the teaching of the present 
invention, this effect will be referred to as the "pump- 
signal crosstalk". It is known that, at sufficiently high fre- 
quenci s, the signal and pump will "walk off" with re- 
spect to one another, due to dispersion within the fiber. 
It is also known that the use of a strictly counter-propa- 
gating pump geometry, that is, where the direction of 
propagation of all Raman pumps is opposite to that of 
all signals, is effective in reducing degradations from 
pump-signal crosstalk. This amplifier geometry is dis- 
cussed in detail in an article entitled "Properties of Fiber 
Raman Amplifiers and their Applicability to Digital Opti- 
cal Communication Systems" by Y. Aoki, appearing in 
J. Lightwave Technology , Vol. 6, No. 7, 1988 at pages 
1225-29. In counter-propagating pump geometries, the 
transit time through the amplifying fiber is used to aver- 
age the pump intensity fluctuations such that "quiet" am- 
plification may be achieved. It is also known that the 
counter-propagating pump geometries serve to reduce 
the polarization dependence of the Raman gain. 
[0009] Another potential source of noise in Raman 
amplified systems arises in systems transmitting infor- 
mation in multiple signal wavelengths, where the multi- 
ple signals will more quickly deplete the power in the 
Raman pump. See, for example, "Crosstalk in Fiber Ra- 
man Amplification tor WDM Systems", W. Jiang et al., 
J. of Lightwave Technology, Vol. 7, No. 9, 1989 at pp. 
1407-111. In this situation, the infomnation imposed on 
one signal wavelength is impressed upon a signal at the 
same or a different wavelength via the Raman gain proc- 
ess. For the purposes of understanding the teaching of 
the present invention, this effect will be referred to as 
the "signal-pump-signal crosstalk". This source of noise 
is also greatly reduced in counter-propagating pump ge- 
ometries where the transit time through the amplifying 
fiber is used to reduce the effects of any pump intensity 
fluctuations. 

[0010] It is also known that due to unusual noise 
sourc s, such as pump-signal crosstalk and signal- 
pump-signal crosstalk, it is often necessary to charac- 
terize the noise performance of Raman amplifiers with 



lectrical noise figure measurements, characterizing 
the effective noise figure as a function of electrical fre- 
quency. 

[0011] There are potential system advantages to the 
5 use of co-propagating Raman amplification, including 
increasing the signal-to-noise ratios of the amplified sig- 
nals, minimizing excursions of the signal powers as a 
function of length, and allowing for the bi-directional 
propagation of signals within the same distributed Ra- 
te man amplifier However, a problem with these co-prop- 
agating Raman amplifiers is that they are more suscep- 
tible to both pump-signal crosstalk and signal-pump-sig- 
nal crosstalk. 

[0012] An exemplary prior art co-propagating Raman 
*5 amplifier arrangement is discussed in the article "Wide- 
Bandwidth and Long-Distance WDM Transmission us- 
ing Highly Gain Flattened Hybrid Amplifiers" by S. Kawai 
et al., appearing in IEEE Phot. Tech. Lett. , Vol. 11, No. 
7, 1 999 at pp. 885-888. However, the on/off Raman gain 
20 of this particular configuration is exceedingly low (i.e., 
approximately 4dB) - a region where the above-men- 
tioned problems would be minimal. 
[0013] Thus, a need remains for a co-propagation Ra- 
man amplification system that provides a sufficient on/ 
25 off gain to be a useful device, while not exhibiting unde- 
sirable levels of pump-signal crosstalk and signal- 
pump-signal crosstalk. 

Summary of the Invention 

30 

[0014] The need remaining in the prior art is ad- 
dressed by the present invention, which relates to Ra- 
man amplified optical communication system and, more 
particularly to an optical communication system utilizing 

35 co-propagating Raman amplification with Raman pump 
sources particularly designed to overcome pump-signal 
crosstalk problems in co-propagating systems. 
[0015] In accordance with the present invention, an 
optimized Raman pump source is utilized that produces 

40 at least 50mW of output power, sufficient spectral width 
to suppress SBS, and is configured such that the fre- 
quency difference between all intense longitudinal 
pump modes (regardless of polarization) are separated 
by at least the electrical bandwidth of the communica- 

4S tion system, or at least the walk-off frequency, where 
"walk-off frequency" is defined as the lowest frequency 
at which the pump-signal crosstalk is no longer a signif- 
icant factor in degrading the performance of the Raman 
amplifier 

^0 [0016] In various embodiments, the pump source may 
comprise one or more frequency-dithered DFB lasers, 
multi-longitudinal mode DFB lasers, DBR lasers, fre- 
quency-offset FP lasers, or FP lasers locked to a Fabry- 
Perot fiber Bragg grating reflector. 

55 [0017] In one embodiment of the present invention, 
the pump source may b injected into the input of dis- 
persion-compensating fiber at the input of a discrete Ra- 
man amplifier to generate co-propagating Raman am- 
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plification, where the effects of both pump-signal cross- 
talk and signal-pump-signat crosstalk are minimized. 
[0018] Advantageously, the pump sources of the 
present invention may be used in either a distributed Ra- 
man amplifier application or a discrete Raman amplifier 
application. 

• [0019] Other and further embodiments of the present 
invention will become apparent during the course of the 
following discussion and by reference to the accompa- 
nying drawings. 

Brief Description of the Drawings 

[0020] Referring now to the drawings, 

FIG. 1 contains plots of the electrical effective noise 
figure spectra of distributed Raman amplifiers 
pumped with conventional FP semiconductor pump 
lasers locked to fiber Bragg gratings in both co- and 
counter-propagating geometries, where the solid 
lines are experimentally measured and dashed 
lines are calculated values; 

FIG. 2 contains plots of relative intensity noise (RIN) 
of the light from an FP semiconductor laser before 
and after propagating through approximately 40km 
lengths of TrueWave Minus®, TrueWave Plus® and 
TrueWave Reduced Slope® fibers with group-ve- 
locity dispersions at pump wavelengths of-11.8, 
-5.2 and 0.8 ps/nm-km, respectively; 
FIG. 3 contains plots of optical spectra generated 
from two FP semiconductor lasers that have been 
polarization multiplexed; 

FIG. 4 contains higher resolution plots of the spec- 
tra of the longitudinal modes of the two FP semicon- 
ductor lasers of FIG. 3; 

FIG. 5 contains plots of amplitude noise of the FP 
lasers associated with F!G. 3, before propagation 
through a transmission fiber at a temperature of 
25**C for both lasers, and after propagation through 
20km of TrueWave Minus® fiber at temperatures of 
20", 25**, 30** and 40**C for one FP laser, the other 
held at 25°C to provide an offset in their center 
wavelengths ; 

FIG. 6 contains plots of the electrical effective noise 
figure spectra of distributed Raman amplifiers 
pumped with the FP semiconductor pump lasers of 
FIG. 3, where the solid lines are associated with 
measured values and dashed lines with calculated 
values; 

FIG. 7 contains plots of the optical spectra gener- 
ated from the two FP semiconductor lasers of FIG. 
3, with one pump maintained at a lower temperature 
to offset the two laser center wavelengths; 
FIG. 8 contains plots of the electrical effective noise 
figure spectra of distributed Raman amplifiers 
pumped with the FP semiconductor lasers of FIG. 
7, with the solid lines associated with experimental- 
ly measured values and the dashed lines associat- 
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ed with calculated values; and 
FIG. 9 contains plots of the optical spectra of an op- 
tical signal at a wavelength of 1570nm that has 
been amplified by a co-propagating Raman pump 
5 at a wavelength of 1470nm with a Raman gain of 
4.5dB in lengths of standard single mode fiber (SS- 
MF) and TrueWave Plus® fiber. 

Detailed Description 

10 

[0021] As discussed above, there are many signifi- 
cant differences in performance when comparing a Ra- 
man amplifier utilizing a counter-propagating pump 
source to a Raman amplifier utilizing a co-propagating 
^5 pump source. The problems associated with co- 
pumped configurations need to be addressed, where 
one problem in particular - pump-signal crosstalk - is of- 
ten not an issue in a counter-propagating an-angement 
since the signal has a transient lime through the ampli- 
20 tier and the strong averaging effect reduces the cross- 
talk. However, in a co-pumping configuration, the signal 
and the pump travel together and the only averaging ef- 
fect is the dispersive delay related to the walk-off be- 
tween the pump and the signal. 
25 [0022] In the course of studying the pump-signal 
crosstalk problem in association with the present inven- 
tion, it has been found that a first type of noise originates 
from the intrinsic amplitude noise of the pump. In partic- 
ular and unlike the case for the counter-propagating ge- 
30 ometry, the mode beating noise in the pump will couple 
to the signal in the forward (co-pumped) direction. This 
type of noise can degrade the signal-to-noise ratio 
(SNR), causing a power penalty in the co-pumped Ra- 
man amplifier configuration. FIG. 1 illustrates the elec- 
ts trical noise figure measurement, which is used to iden- 
tify this noise contribution at different frequencies. That 
is. for the plots of FIG. 1 , the electrical effective noise 
figure spectra of distributed Raman amplifiers pumped 
with conventional FP semiconductor pump lasers 
40 locked to fiber Bragg gratings was measured. The wave- 
length of the Raman pump was chosen to be 1450nm 
and the wavelength of the optical signal was 1560nm 
and an on/off Raman gain of 11 .7dB was achieved. The 
solid lines illustrate the experimentally measured val- 
45 ues, while the dashed lines are theoretical values. In 
particular, the theoretical values are calculated based 
solely on noise from signal-spontaneous beating, that 
is, excluding all '"excess" noise sources that will be dis- 
cussed in detail hereinbelow in association with the 
50 teaching of the present invention. 

The theoretical value ignores noise from pump-signal 
crosstalk (i.e., presumes a "perfecr pump). 
[0023] As shown, there is substantial agreement be- 
tween the theor tical and measured values of the eff c- 
55 tive noise figure for the counter-propagating arrange- 
ment, supporting the theory that counter-pumping effec- 
tively eliminates pump-signal crosstalk. In contrast, as 
illustrated in FIG, 1, a significant deviation exists be- 
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tween the experimental results and the theoretical val- 
ues for a co-propagating pump configuration, where this 
deviation is attributed to pump-signal crosstalk. As 
shown clearly in FIG. 1 , pump-signal walk-off effectively 
averages this source of noise for frequencies greater 
than approximately 5GHz (the value of 5GHz being ex- 
emplary only and associated with this particular pump 
module, Raman gain and group velocity difference be- 
tween the pump and signal; for other amplifiers the walk- 
ed! frequency may be as low as IGHz). For the purposes 
of understanding the teaching of the present invention, 
this frequency (above which the pump-signal crosstalk 
is no longer a significant factor in degrading the perfomn- 
ance of the Raman amplifier) will be referred to as the 
"walk-off frequency". In particular, this frequency wilt de- 
pend on the relative group velocities of the pump and 
signal wavelengths In the gain fiber, as well as the mag- 
nitude of the Raman gain. Thus, an optical pump source 
suitable for use in a co-propagating geometry in accord- 
ance with the present invention should only exhibit lon- 
gitudinal modes separated by at least the system walk- 
off frequency, 

[0024] FIG. 2 contains plots of the relative intensity 
noise (RIN) of the light from a FP semiconductor laser 
before and after propagating through —AOkm of True- 
Wave Minus®, TrueWave Plus® and TrueWave Re- 
duced Slope® fibers with group- velocity dispersions at 
the pump wavelengths of-11 .8, -5.2 and 0.8 ps/nm-km, 
respectively. The low frequency noise is due to mode- 
partitioning noise. Referring to FIG. 2, it is shown that 
the noise is higher after propagation through fibers of 
higher dispersion. This source of noise will then be 
transferred to a co-propagating signal through Raman 
amplification- Heretofore, this noise source was not dis- 
covered and, therefore, problems associated with this 
high dispersion were not addressed. 
[0025] The plots of the optical spectra generated from 
two FP semiconductor pump lasers that have been po- 
larization multiplexed, at a center wavelength of approx- 
imately 1470nm, are shown in FIG. 3 and denoted as 
"Pump 1" and "Pump 2". The individual longitudinal 
modes cannot be distinguished in these plots. A higher 
resolution of these plots is contained in FIG. 4, where 
these plots show that the two FP lasers have slightly 
different longitudinal mode spacings such that there are 
inevitably wavelengths at which modes of the two lasers 
overlap. As the temperature of one of the diodes is in- 
creased, it has been found that the modes of the laser 
shift to longer wavelengths, thereby changing the rela- 
tive spacing between various longitudinal modes of the 
two las rs. 

[0026] FIG. 5 contains a plot (labeled "A") of the am- 
plitude noise from the same two FP lasers, the ampli- 
tude noise nrieasured, at a laser temperature of 25**C as 
in FIG. 3» before propagating through a significant length 
of fiber. It is evident that this plot is free of any noise 
spikes. This is the case since the semiconductor pumps 
have been polarization multiplexed, and the orthogonal 



light beams will not interfere with each other. Also shown 
in FIG. 5 are plots of the amplitude noise after propaga- 
tion through 20km of TrueWave Minus® fiber with both 
FP lasers having a temperature of 25*C (plot B), and 
5 the one FP laser held at 25**C, with the other FP laser 
at temperatures of 20, 30 and 40*'C, respectively (plots 
C, D and E, respectively). In each instance, there are 
noise spikes after propagation through the fiber, where 
the frequency of the spikes varies with the temperature 
10 of the FP lasers. These noise spikes are caused by the 
mixing of polarization components as they propagate 
through the optical fiber. The frequencies of the spikes 
will vary with temperature, due to the shifting of the laser 
mode frequencies with temperature. As with the mode 
spacing discussed above, the movement of these noise 
spikes with temperature Is a heretofore undisclosed 
phenomenon. It is also to be noted that mode-partition- 
ing noise, as discussed above with FIG. 2, is also 
present in the plots as shown in FIG. 5 after propagation 
20 through the transmission fiber. 

[0027] FIG. 6 contains plots of the electrical effective 
noise figure spectra of distributed Raman amplifiers 
pumped with the conventional FP semiconductor pump 
lasers whose spectra are plotted in FIG. 3. Data is 
25 shown for both a co- and counter-pumped amplifier A 
pump power of 260mW was used to generate the spec- 
tra of FIG. 6, generating an on/off Raman gain of 
12.3dB. The solid lines are experimentally measured 
values, while the dashed lines are theoretical values. 
30 The theoretical values were calculated based only on 
noise from signal-spontaneous beating; that is, exclud- 
ing all "excess" noise sources that are the subject of this 
invention . It is to be noted that good agreement is found 
between the measured noise figure and the theoretical 
35 noise figure in the counter-propagating geometry, indi- 
cating that again the counter-propagating geometry has 
eliminated any "excess" noise features. In the co-prop- 
agating geometry, however, an extremely large noise 
spike at — 17GHz is observed. This noise feature is due 
40 to mode beating among the longitudinal modes of the 
polarization multiplexed laser diodes, whose spectra 
are plotted in FIG. 3. Upon propagation, the polarization 
states of the two laser diodes are mixed, mode beating 
occurs and the resulting amplitude noise is transferred 
45 to the signal. It is important to note that this type of noise 
can appear above the "walk-off" frequency (5GHz in this 
case) and it cannot be "averaged out" by fiber disper- 
sion. This data illustrates the importance of configuring 
Raman pump sources for co-propagating Raman am- 
50 plifiers in accordance with the present invention such 
that the frequency difference between all intense longi- 
tudinal modes of different, regardless of polarization, 
are separated by at least the electrical bandwidth of the 
communication system. 
55 [0028] FIG. 7 contains plots of the optical spectra of 
the same lasers as used to generate FIG. 3, except that 
one pump has been temperature-tuned to a shorter 
wavelength. As shown, most of the intense longitudinal 
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modes of the two lasers no longer overlap, although 
there remains some overlap ot the modes at much lower 
intensities. FIG. 8 contains plots of the electrical effec- 
tive noise figure spectra of distributed Raman amplifiers 
pumped with the FP semiconductor pump lasers whose 
spectra are plotted in FIG. 7. The data is shown for both 
S CO- and a counter-pumped amplifier. A pump power of 
260mW was used, generating an on/off Raman gain of 
12.3dB. As before, the solid lines are associated with 
Igxperimentally measured values and the dashed lines 
are associated with theoretical values. For the co-prop- 
agating pump geometry, good agreement is shown be- 
tween the experimental and theoretical values. In com- 
paring these results to those shown in FIG. 6, it is seen 
that the noise spike evident in FIG. 6 is essentially elim- 
inated by temperature tuning the pumps such that the 
frequency difference between all intense longitudinal 
modes of the different lasers - regardless of polarization 
- are separated by an amount greater than the electrical 
bandwidth of the system (in this case, 22GHz). It should 
be noted that temperature tuning is not essential for 
achieving this pump configuration. Semiconductor di- 
odes with the appropriate wavelengths exhibiting off-set 
center wavelengths could be used. 
[0029] FIG. 9 contains plots of the optical spectra of 
a signal at 1570nm after it has copropagated with a Ra- 
man pump at a wavelength of 1470nm and experienced 
an on/off Raman gain of 4.5dB. As shown, there are sig- 
nificant four-wave mixing sidebands generated by the 
mixing of the pump modes with the signal. The magni- 
tude of the sidebands can be substantially reduced by 
the use of a single mode fiber, where the zero-dispersion 
wavelength Xq is near 1300nm, rather than a fiber such 
as TrueWave Plus®, with a that is nearly centered 
between the pump wavelength and the signal wave- 
length. It is to be noted that the difference in group ve- 
locity of the pump with respect to the signal can reduce 
the four-wave mixing efficiencies. 
[0030] A number of different semiconductor pump 
sources could potentially meet the criteria outlined 
above for use in a co-propagating Raman amplifier. In 
accordance with the teachings of the present invention, 
an acceptable pump source tor a co-propagating geom- 
etry is characterized by: (1) producing an output power 
of at least 50mW; (2) having sufficient spectral width to 
suppress SBS; and (3) designed such that the frequen- 
cy difference between all intense longitudinal modes of 
different lasers, regardless of polarization, are separat- 
ed by at least the electrical bandwidth of the communi- 
cation system, and that the frequency different between 
all intense longitudinal modes of one laser are separat- 
ed by the walk-off frequency between the pump and the 
signals. 

[0031] A frequ ncy-dithered distributed feedback 
(DFB) laser can b modified, as described below, to ex- 
hibit the necessary attributes of a pump source for a co- 
propagating system geometry in accordance with the 
present invention. In particular, when used as a pump 



source in the co-propagating Raman amplifier a con- 
ventional DFB laser is configured to produce a single 
longitudinal mode. One exemplary DFB laser that is 
useful in the co-propagating system of the present in- 

5 vention is disclosed in US Patent 5,111,475, "Analog 
Optical Fiber Communication System and Laser Adapt- 
ed for Use in such a System, D. Ackenr^an et al, issued 
May 5, 1992, and assigned to the assignee of the 
present invention. In order to provide frequency dither- 

10 ing, a small-amplitude RF tone is added to the laser 
drive current, thus broadening the laser linewidth and 
suppressing the SBS. A suitable choice of the offset be- 
tween the laser gain and the DFB wavelength will max- 
imize the FM to AM efficiency; that is, the ratio of the 

15 amount of frequency to amplitude modulation induced 
by the RF tone. In accordance with the present inven- 
tion, multiple frequency-dithered DFB lasers can be 
used as a co-propagating pump source, where the fre- 
quency spacing between adjacent DFB lasers needs to 

20 exceed the electrical bandwidth of the communication 
system. Additionally, pairs of DFBs can be modulated 
180° out of phase such that the impact of any residual 
amplitude modulation is minimized. 
[0032] Multimode DFB lasers are designed with the 

25 grating extending along a significant portion of the cavity 
length so that one (of only two possible) longitudinal 
modes satisfies the laser conditions on roundtrip gain 
and phase change at the laser's operating conditions. 
Decreasing the length of the grating region relative to 

30 the total cavity length, and positioning the grating toward 
the output facet of the laser, can allow several cavity 
modes near in wavelength to satisfy the lasing condi- 
tions simultaneously, achieving wavelength-stabilized 
multimode operation. It can be shown that a stabilized 

35 multimode spectrum from a DFB laser can increase the 
SBS threshold from a few milliwatts to greater than 120 
milliwatts. The small ratio of grating length to total cavity 
length will also decrease the sensitivity of the laser's 
performance to the phase of the grating relative to the 

40 laser HR facet. 

[0033] A distributed Bragg reflector (DBR) laser, like 
a DFB laser, uses a grating integrated into the laser cav- 
ity to control the laser wavelength. Unlike the DFB, how- 
ever, the laser material above the grating in a DBR laser 

"fs is biased separately from the rest of the laser cavity. This 
separate biasing allows the carrier density, and thus the 
index of refraction of the material incorporating the grat- 
ing, to be controlled by the bias applied to the grating 
section of the laser. Since the stabilized wavelength of 

50 the laser is dependent on the "optical period" of the grat- 
ing (i.e., the physical period multiplied by the index of 
refraction), the lasing wavelength can be controlled by 
the bias applied to this grating section. A selective area 
growth (SAG) may be us d in the grating region to pre- 

55 vent this section from being absorbing at the designated 
lasing wavelength. 

[0034] While a bias on the grating section can be used 
to adjust the lasing wavelength, any high frequency var- 
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iation in this bias will broaden the linewidth of th output. 
The efficiency of the linewidth broadening can be two to 
three orders of nnagnitude greater than that of a stand- 
ard DFB laser The laser linewidth required for a^ co- 
propagating pump in accordance with the present inven- 
tion may thus be obtained by adding noise to the bias 
signal to the grating section, rather than requiring a sep- 
arate dithering circuit, as discussed above. One other 
alternative is to connect the grating section bias to the 
laser bias using an adjustable resistance element. The 
output wavelength can then be tuned to better match 
the desired target wavelength (by adjusting the resist- 
ance), while the Johnson noise from the resistor will pro- 
vide the bias variation to broaden the laser linewidth. 
[0035] As discussed above in association with the fig- 
ures, simple Fabry-Perot (FP) lasers can be used as 
sources for a co-propagating Raman amplifier, with tem- 
peraturetuning applied to provide the desired frequency 
difference between all intense longitudinal modes. It 
should be noted that temperature tuning is not essential 
for achieving this pump configuration, since semicon- 
ductor diodes with separated center wavelengths at a 
given temperature could be used instead. Additionally, 
a pair of fiber Bragg gratings can be used to "lock" the 
wavelength of a simple FP laser. The pair of Bragg grat- 
ings are located approximately one meter from the sem- 
iconductor laser, while being sufficiently close to each 
other such that the mode spacing of the cavity created 
by the Bragg gratings is at least as large as the electrical 
bandwidth of the communication system. The Bragg 
grating located further from the semiconductor cavity is 
required to exhibit a reflectivity greater than that of the 
other Bragg grating.. 

[0036] Typically, the lowest (or nearly lowest) signal 
powers are present in a communication system at the 
point where the signals exit the transmission fiber and 
enter a discrete optical amplifier. It is common for the 
signals to be amplified in the first stage of an erbium- 
doped fiber amplifier (EDFA), and then to pass through 
a length of dispersion-compensating fiber. In accord- 
ance with the present invention, it is contemplated to re- 
move the first stage EDFA, instead directly injected the 
communication signals into the dispersion compensat- 
ing fiber with a co-propagating Raman pump. The low 
signal powers and high dispersion slope of the disper- 
sion compensating fiber make this location in a commu- 
nication system an ideal point for the application of co- 
propagating Raman amplification. In addition, the prop- 
erties of the dispersion-compensating fiber may be op- 
timized for Raman gain, as well as their dispersion char- 
acteristics. 

[0037] It should be noted that while the above-de- 
scrtbed sources are particularly wellsuited for use as 
Raman pump sources in a co-propagating amplifier ar- 
rangement (either as a discrete Raman amplifier or a 
distributed Raman amplifier), they are equally applica- 
ble to a counter-propagating geometry, due to their high 
output power and wavelength stability. Further, these 
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sources may be useful as sources in conventional er- 
bium-doped fiber amplifier arrangements. 

5 Claims 

1 . An article comprising an optical fiber Raman ampli- 
fier comprising 

10 an input port responsive to an optical signal to 

be amplified; 

an output port for providing an exit path from 
said Raman amplifier for an amplified optical 
signal; 

^5 an optical fiber path for support Raman gain 

disposed between said input port and said out- 
put port; and 

a Raman pump source coupled to said input 
port with said optical signal to be amplified, said 
Raman pump source including at least one 
pump laser for providing an optical pump to co- 
propagate with said optical signal through said 
optical fiber path, said Raman pump source ex- 
hibiting a relatively high output power, relatively 
25 large spectral width, a frequency difference be- 

tween all longitudinal modes of each pump la- 
ser being separated by at least the walk-off fre- 
quency between the pump laser frequency and 
the signal frequency, and all intense longitudi- 
30 nal modes between different pump lasers being 

separated by at least the electrical bandwidth 
of the communication system. 

2. Article according to claim 1, wherein the optical 
35 pump comprises a power of greater than or equal 

to 50mW. 

3. Article according to claim 1, wherein the walk-off 
frequency is approximately 5 GHz. 

40 

4. Article according to claim 1, wherein the walk-off 
frequency is approximately 1 GHz. 

5. Article according to claim 1 , wherein the intense lon- 
45 gitudlnal mode is defined as a mode having suffi- 
cient intensity to generate substantial Raman gain. 

6. Article according to claim 5 wherein each intense 
longitudinal mode exhibits at least 1 0dB more pow- 

50 er than the remaining modes. 

7. Article according to claim 1 wherein the Raman 
pump source comprises a single mode distributed 
feedback (DFB) laser with an additional RF tone for 

55 increasing the spectral bandwidth of the output from 

said single mode DFB laser. 

8. Article according to claim 1, wherein the Raman 
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pump source comprises at least two distributed 
feedback (DFB) single mode lasers, each compris- 
ing a different center frequency, with an RF tone 
added to each DFB laser to provide a relatively 
large spectral bandwidth and the frequency spacing 
between said at least two DFB lasers selected to 
exceed the system electrical bandwidth. 

9. Article according to claim 8 wherein pairs of DFB 
lasers are modulated 1 80** out of phase to minimize 
amplitude modulation. 

10. Article according to claim 1, wherein the Raman 
pump source comprises at least one multimode dis- 
tributed feedback (DFB) laser. 

11. Article according to claim 10, wherein the multi- 
mode DFB laser comprises a relatively short grating 
region, positioned near an output facet of said laser 
so as to allow for multimode modes of the optical 
signal to lase simultaneously. 

12. Article according to claim 11 wherein the mode 
spacing between the intense longitudinal modes is 
greaterthan the walk-off frequency of pump and the 
signal in the Raman amplifier. 

13. Article according to claim 10 wherein the Raman 
pump source comprises a pair of multimode DFB 
lasers, offset in wavelength to separate the mode 
beating frequency between DFB lasers by at least 
the electrical bandwidth of the system 

14. Article according to claim 1 wherein the Raman 
pump source comprises at least one distributed 
Bragg reflector (DBR) laser including a signal 
source applied to an area disposed above an in- 
cluded grating of said at least one DBR laser to 
broaden the spectral width of said at least one DBR 
laser. 

15. Article according to claim 14 wherein the signal 
source comprises a high frequency signal source. 

16. Article according to claim 14 wherein the signal 
source comprises a noise signal source. 

17. Article according to claim 1 wherein the Raman 
pump source comprises at least one Fabry- Perot 
laser exhibiting a predetermined frequency separa- 
tion^ between all existing longitudinal modes, equal 
to at least the walk-off frequency between said at 
least one Fabry-Perot laser and the input optical 
signal. 

18. Article according to claim 17 wherein the pump 
source comprises at least two Fabry-Perot lasers, 
each exhibiting a different center frequency, with a 



fr quency difference between the intense longitudi- 
nal modes of different Fabry-Perot lasers being sep- 
arated by at least the electrical bandwidth of the 
communication system. 

5 

19. Article according to claim 18 wherein the at least 
two Fabry-Perot lasers are temperature tuned to 
maintain a predetermined separation in center fre- 
quency between said at least two Fabry-Perot \a- 

10 sens. 

20. Article according to claim 17 wherein the at least 
one Fabry-Perot laser further comprises a pair of 
external fiber Bragg gratings to generate a mode 

15 spacing between the at least one Fabry-Perot pump 
frequency and the input optical signal frequency, 
the mode spacing being at least equal to the walk- 
off frequency between said pump frequency and 
said input optical signal frequency. 

20 

21 . Article according to claim 1 wherein the optical fiber 
path comprises dispersion compensating fiber, the 
optical signal and Raman pump source being cou- 
pled to said dispersion compensating fiber. 

25 

22. Article according to claim 21 wherein the Raman 
gain fiber exhibits a lower dispersion slope at the 
pump wavelength to reduce mode partitioning noise 
when utilized with multi-longitudinal mode pump la- 

30 sers, 

23. Article according to claim 22 wherein the dispersion 
slope is less than 5ps/nm km at the pump wave- 
length. 

35 

24. Article according to clam 1 , wherein the optical fiber 
path is selected such that the zero dispersion wave- 
length is not centered between the pump and signal 
wavelengths, the placement of the said zero disper- 
se sion wavelength for reducing pump-signal four 

wave mixing effects. 
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